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METHODS OF MANUFACTURING GLASS
ARTICLES USING ANISOTHERMAL
TEMPERATURE PROFILES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 335

US.C. § 119 of U.S. Provisional Application Ser. No.
61/866,162 filed on Aug. 15, 2013 the content of which 1s

relied upon and incorporated herein by reference in its
entirety.

FIELD

The present specification generally relates to molds for
shaping glass articles and, more specifically, to one-sided
molds for glass articles having a three-dimensional shape
and methods of using the same to shape glass articles.

BACKGROUND

Glass articles can be incorporated as cover glasses in
various consumer products, including interactive displays on
consumer devices such as mobile phones and tablets. As
glass articles become more widely utilized 1 various con-
sumer devices, the geometric complexities of the glass
articles also increases as manufacturers push the design
envelope 1n terms of both aesthetics and function. For
example, certain products may require that the glass articles
be formed into complex shapes, such as curved sections that
wrap around the edges of a device, thus requiring additional
forming operations to achieve the desired geometry. How-
ever, the design requirements of certain products may dictate
narrow tolerances of deviations away from the target shape.

Accordingly, alternative molds and methods for forming
glass articles may be desired.

SUMMARY

According to one embodiment, a method of manufactur-
ing a glass article having a three-dimensional shape includes
heating a glass article blank to a temperature above a setting
temperature and coupling the glass article blank to an
open-faced mold. The open-faced mold includes a molding
region that has a three-dimensional shape that generally
corresponds to the shape of the glass article and has an
amisothermal temperature profile within the molding region.
The method further includes maintaining an amsothermal
temperature profile along the glass article blank and cooling,
the glass article blank while the glass article blank 1s coupled
to the molding region of the open-faced mold to set the
shape of the glass article.

In another embodiment, a molding apparatus for forming,
a glass article includes an open faced mold that includes a
molding region. The molding region has a contact face that
has a three-dimensional shape that generally corresponds to
a shape of the glass article. A plurality of vent holes 1s
positioned within the molding region of the open-faced mold
and extends through the contact face. The vent holes are 1n
fluid communication with a vacuum pump. At least one
cooling passage 1s positioned 1n the open-faced mold, and
includes a portion that 1s positioned proximate to the mold-
ing region and 1s fluidly i1solated from the plurality of vent
holes and the contact face of the open-faced mold. The
cooling passage generates an anisothermal temperature pro-
file across the glass article.
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In yet another embodiment, a method of manufacturing a
glass-article having a three-dimensional shape includes
heating a glass article blank to a temperature above a setting
temperature and coupling the glass article blank to an
open-faced mold. The open-faced mold has a three-dimen-
sional shape that differs from a target shape for the glass
article. Additionally, the open-faced mold has an anisother-
mal temperature profile within the molding region. The
method further includes maintaiming an anisothermal tem-
perature profile along the glass article blank and cooling the
glass article blank to a temperature below a viscous tem-
perature while the glass article blank 1s coupled to the
molding region of the open-faced mold to set the shape of
the glass article, and releasing the glass article from the
open-faced mold.

Additional features and advantages of various embodi-
ments will be set forth in the detailed description which
tollows, and 1n part will be readily apparent to those skilled
in the art from that description or recognized by practicing
the embodiments described herein, including the detailed
description which follows, the claims, as well as the
appended drawings.

It 1s to be understood that both the foregoing general
description and the following detailed description describe
various embodiments and are mtended to provide an over-
view or framework for understanding the nature and char-
acter of the claimed subject matter. The accompanying
drawings are 1included to provide a further understanding of
the various embodiments, and are incorporated into and
constitute a part of this specification. The drawings 1llustrate
the various embodiments described herein, and together
with the description serve to explain the principles and
operations of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A schematically depicts a top perspective view of
a glass article having two bent sides according to one or
more embodiment shown or described herein;

FIG. 1B schematically depicts a top perspective view of
a glass article having four bent sides according to one or
more embodiment shown or described herein;

FIG. 1C schematically depicts a top cross-sectional view
of the glass article of FIG. 1 shown along line A-A according
to one or more embodiment shown or described herein;

FIG. 2 schematically depicts relaxation of a glass relating,
to 1ts temperature and cooling rate according to one or more
embodiment shown or described herein;

FIG. 3 schematically depicts a front perspective view of
a mold and a glass article according to one or more embodi-
ment shown or described herein;

FIG. 4 schematically depicts modeling results of out-oi-
plane displacement that results from an in-plane temperature
gradient according to one or more embodiment shown or
described herein;

FIG. § schematically depicts modeling results of out-of-
plane displacement that results from a through-thickness
temperature gradient according to one or more embodiment
shown or described herein; and

FIG. 6 schematically depicts a top cross-sectional view of
a glass article having 1on exchange surface layers according
to one or more embodiment shown or described herein.

DETAILED DESCRIPTION

Retference will now be made 1n detail to various embodi-
ments, examples of which are 1llustrated in the accompany-
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ing drawings. Whenever possible, the same reference
numerals will be used throughout the drawings to refer to the
same or like parts. FIG. 3 schematically depicts an embodi-
ment of a mold for use 1n conjunction with the molding
methods described herein. In one embodiment, the method
for manufacturing a glass article having a three-dimensional
shape may generally include heating a glass article blank to
a temperature above a setting temperature and coupling the
glass article blank to an open-faced mold. The open-faced
mold includes a molding region that has a three-dimensional
shape that generally corresponds to the shape of the glass
article and has an anisothermal temperature profile within
the molding region. The method further includes cooling the
glass article blank while the glass article blank 1s coupled to
the molding region of the open-faced mold to set the shape
of the glass article. Various embodiments of methods for
manufacturing glass articles having a three-dimensional
shapes as well as molds for use therein will be described 1n
turther detail herein with reference to the figures.

Referring now to FIGS. 1A-1C, glass articles manufac-
tured according to the present disclosure are shown. The
glass articles may be incorporated into consumer products,
such as smartphones or tablet computers. Various technmiques
can be utilized to form the glass article 100 such that the
glass article has a three-dimensional shape. As used herein,
the phrase “three-dimensional shape” means that the glass
article generally has a shape that, at least in part, deviates
from planar. For example and without limitation, the glass
article 100 can have one of a number of three-dimensional
shapes, such as a sled shape 1 which edges 102a, 1025
curve away Irom a central portion, as depicted 1n FIG. 1A,
or a dish shape 1n which edges 104a, 1045, 104¢, 104d curve
away from a central portion, as depicted in FIG. 1B. In
various embodiments, the glass article 100 may also have a
substantially flat area 106, shown 1n the cross-sectional view
of the glass article 100 schematically depicted 1in FIG. 1C.
Utilizing the forming techniques described herein may pro-
vide a glass article which has a substantially flat area that
exhibits low deviation from a planar configuration, for
example, by an amount of less than or equal to about 200 um
across the central portion of the glass article 100.

The strength and mechanical reliability of the glass article
100 1s a function of 1ts surface defect or flaw size density
distribution and the cumulative exposure of the material to
stress over time. For example, the glass article 100 depicted
in FIG. 1A or FIG. 1B may be subjected to various kinds of
thermal and mechanical stresses during manufacturing, for
example, caused by forming, molding, and polishing. In
particular, the glass article 100 may exhibit a high stress field
at positions proximate a highly contoured portion of the
molding region of a mold (e.g., at points near the bent edges
102a and 1025) and a low stress field at positions proximate
to less contoured portions of the molding region of a mold
(c.g., at points near substantially flat area 106 depicted 1n
FIG. 1C). In some embodiments, the glass article 100 1s
turther subjected to stresses during strengthening processes,
for example, 1n 10n exchange processing.

In one example, the glass article 100 1s subjected to stress
resulting from in-plane and through-thickness thermal gra-
dients 1n the glass. Such thermal gradients can result from
the different heating and cooling rates that a glass article
blank 101 (depicted in FIG. 3) 1s subjected to as the glass
article blank 101 1s formed nto a glass article 100. For
example, these thermal gradients may be imparted to the
glass article blank 101 from the mold 300 (depicted in FIG.
3) which 1s used to form the glass article 100, different
heating and cooling rates of the center of the mold and the
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edge of the mold, different contact conditions between the
glass article blank 101 and the mold 300, or the like. These
thermal gradients can induce internal stresses to the glass
article 100 and/or cause undesired distortions or warpage of
the glass article 100. However, the thermal gradients can be
utilized to impart controlled distortions or warpage in the
glass article 100. For example, 1n various embodiments,
thermal gradients may cause the glass article blank 101 to
warp into a desired three-dimensional shape. When these
thermal gradients are introduced to the glass article blank
101 within a particular range of temperatures, the glass
article 100 may set with the warp after the glass article 100
1s allowed to cool. The warp thereby modifies the final
three-dimensional shape of the glass article 100. Alterna-
tively, the thermal gradients can be utilized to impart con-
trolled distortions or warpage 1n the glass article 1n excess of
design tolerances in order to compensate for subsequent
warp ol the glass article 100 caused by downstream manu-
facturing processes.

FIG. 2 1s a plot illustrating the relaxation of a glass
composition as a function of cooling rate 1n accordance with
one or more embodiments described herein. In the plot, the
x-axi1s represents the cooling rate (1n degrees Celsius (C.) per
second (s)), while the y-axis represents the setting zone
temperature (1n degrees Celsius (C.)). It 1s to be understood
that the values presented on the graph are illustrative in
nature, and may vary with the glass composition. The plot
illustrates a viscous zone 202, a viscoelastic or setting zone
204, and an elastic zone 206. As shown 1n FIG. 2, the viscous
zone 202 refers to a state 1n which greater than about 95%
of stresses 1n the glass have relaxed. The viscoelastic or
setting zone 204 refers to a state 1n which from about 90%
of the compressive stresses to about 10% of the compressive
stresses 1n the glass have relaxed. The elastic zone 206 refers
to a state 1n which less than about 5% of the compressive
stresses 1n the glass have relaxed. In some embodiments, the
boundaries between the recited viscosity zones may vary
depending on the particular embodiment. For example, the
transition between the viscous to the viscoelastic zones may
occur from about 90% to about 95% relaxation and the
transition between the viscoelastic and elastic zones may
occur from about 5% to about 10% relaxation.

When a glass article blank 101 1s to be formed 1nto a glass
article, the glass article blank 101 1s heated to a temperature
at which the glass article blank 101 1s no longer in the elastic
zone 206. In various embodiments, the glass article blank
101 1s heated to a temperature above a setting temperature.
For a given cooling rate, the setting temperature 1s the
temperature below which stresses can develop in the glass.
The temperature to which the glass article blank 101 1s
heated can be selected depending on various factors. In some
embodiments, when the glass article blank 101 1s heated to
the temperature above the setting temperature, the glass
article blank 101 enters the viscous zone 202 or the vis-
coelastic zone 204. Once heated, the glass article blank 101
1s 1ntroduced to a mold 300 for shaping.

FIG. 3 1llustrates one example of a mold 300 for forming
a glass article having a three-dimensional shape 1n accor-
dance with one or more embodiments described herein. As
shown 1n FIG. 3, mold 300 includes an open-faced, single-
sided mold form 302. The mold form 302 can be made of
any suitable matenal, such as aluminum, nickel, cast iron, or
bronze, and may be uncoated or coated with a corrosion-
resistant coating or a thermal barrier coating. The mold form
302 includes a molding region 304 that has a contact face
306. Contact face 306 has a three-dimensional shape that
generally corresponds to the shape of a glass article to be
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tormed. Although the three-dimensional shape of the contact
tace 306 generally corresponds to the shape of the glass
article, the shape of the contact face 306 can differ from the
finished design shape of the glass article. As discussed
hereinabove, the rate at which the glass article blank 101 1s
cooled can cause the glass article blank 101 to warp such
that the glass article 100 has a shape that differs from, but
generally corresponds to, the shape of the contact face 306
of the molding region 304. The amount by which the shape
of the contact face 306 differs from the shape of the glass
article 100 can vary depending on the particular require-
ments of the end-user application 1nto which the glass article
100 1s installed. In general, for end-user applications 1n
which that glass article 100 covers a display, high-dimen-
sional accuracy within the flat area 106 may be desired,
while dimensional variation at positions outside of the flat
areca 106 may be acceptable.

A plurality of vent holes 308 are positioned within the
molding region 304 of the open-faced mold form 302, and
extend through the contact face 306. The vent holes 308 are
in fluid communication with a vacuum pump 310. The vent
holes 308 enable the glass article blank 101 to be maintained
in intimate contact with the mold 300 by a pressure imbal-
ance across the glass article blank 101 without contacting a
tace of the glass article blank 101 opposite the mold form
302. Reducing or eliminating contact with the glass article
blank 101 can reduce defects present 1n the final glass article
100.

In various embodiments, the mold 300 1s heated to an
clevated temperature before the glass article blank 101 1s
coupled. In some embodiments, the mold 300 1s heated to a
temperature above ambient temperature that 1s below the
setting temperature of the glass. The mold 300 can be heated
using any of a variety ol conventional techniques. For
example, heating elements may be placed at the ceiling of
the furnace, located above the mold and 1n close proximity
to the edges of the mold, or embedded in the mold. Such
heating elements may be made of silicon carbide, tungsten,
nichrome, or the like. In some instances, an emitter plate
may be used in conjunction with ceiling-mounted heating
clements to provide more uniform heating. The heated glass
article blank 101 1s introduced into molding region 304 of
the mold 300 and the vacuum pump draws fluid through the
vent holes 308 to bring the heated glass article blank 101
into contact with the heated contact face 306. The glass
article blank 101 1s held 1n position on the mold form 302 by
at least a partial vacuum created by the vacuum pump 310
along the contact face 306.

The mold 300 may further include at least one cooling
passage 312, i1llustrated 1n FIG. 3 by dashed lines. In various
embodiments, the cooling passage 312 can provide a fluid
cooling stream to the mold form 302 at positions adjacent to
the molding region 304. The cooling passage 312 may be
positioned 1n the mold 300 1n a serpentine pattern (as shown
in FIG. 3), a swirl pattern, or another pattern that generates
a desired temperature profile across the contact face 306. In
some embodiments, the fluid cooling stream incorporates a
gas that 1s 1nert to the mold 300 1n the temperature range 1n
which the mold 300 operates, for example air, nitrogen,
helium, neon, or the like, although other fluid cooling
streams, and other cooling mechanisms, can be employed. In
the depicted embodiment, the cooling passage 312 includes
a portion that 1s positioned proximate to the molding region
304 and 1s fluidly 1solated from the vent holes 308 and the
contact face 306 of the mold 300. Accordingly, when the
fluid cooling stream 1s mntroduced into the cooling passage
312, the cooling passage 312 cools a portion of the mold 300
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proximate to the molding region 304 with the fluid cooling
stream. The cooling passage 312 generates a non-uniform,
anisothermal temperature profile across the contact face 306.
Restated, the cooling passage 312 can be used to control the
temperature of portions of the mold 300 such that a first
portion of the mold 300 has a first temperature and a second
portion of the mold 300 has a second temperature diflerent
from the first temperature. As such, the mold 300 exhibits an
anisothermal temperature profile within the molding region
304. In some embodiments, a fluid heating stream, rather
than a fluid cooling stream, can be introduced through one
or more of the cooling passages 312 to generate a thermal
gradient across the thickness of the glass article 100.

The flow rate of the fluid cooling stream through the
cooling passage 312 can be modified to generate one of a
plurality of anisothermal temperature profiles within the flat
area 106. In some embodiments, the temperature of the
contact face 306 at positions proximate to the edges of the
molding region 304 (1.¢., regions A and C depicted n FIG.
3) 1s greater than the temperature of the contact face 306 at
positions distal from the edges of the molding region 304
(1.e., region B in FIG. 3). In other embodiments, the tem-
perature of the contact face 306 at positions proximate to the
edges of the molding region 304 1s less than the temperature
of the contact face 306 at positions distal from the edges of
the molding region 304. While FIG. 3 illustrates three
vertical regions (A, B, and C) representing various regions
ol contact face 306 having different temperatures from one
another, 1t 1s to be understood that the regions may corre-
spond to different shapes, sizes, and orientations.

In general, the mold 300 and glass article blank 101 are
both heated to desired 1nitial temperatures above the ambient
temperature 1n which the mold 300 1s positioned. The glass
article blank 101 is heated to a temperature greater than the
clastic temperature range for the glass composition. The
glass article blank 101 1s brought into contact with the
contact face 306 of the mold 300. With the glass article blank
101 1n contact with the contact face of the mold 300, the
vacuum pump 310 draws fluid through the vent holes 308,
reducing the pressure along the side of the glass article blank
101 positioned proximate to the contact face 306. The
vacuum pump 310 maintains a pressure imbalance across
the glass article blank 101, thereby clamping the glass article
blank 101 to the contact face 306 of the mold 300. The
pressure 1mbalance caused by the vacuum pump 310 may
overcome the strength of the glass article blank 101 at the
clevated temperature so that the glass article blank 101 will
conform to the shape of the contact face 306 of the mold
300.

The temperature of the glass article blank 101 and the
mold 300 are reduced from the 1nitial temperatures. As the
temperature of the glass article blank 101 decreases, the
glass article blank 101 will continue to conform to the shape
of the contact face 306. As the fluid cooling stream 1is
directed through the cooling passages 312, the tluid cooling
stream draws heat away from the contact face 306 by
conduction and/or convection, the mold 300 acts as a heat
sink to the glass article blank 101, drawing heat away from
the glass article blank 101. As the temperature of the glass
article blank 101 1s reduced, the strength of the glass article
blank 101 increases. Additionally, as the temperature of the
glass article blank 101 and the mold 300 decrease, the glass
article blank 101 and the mold 300 will reduce 1n size due
to the respective coetlicients of thermal expansion. How-
ever, because the glass article blank 101 and the mold 300
likely have different coeflicients of thermal expansion, the
relative change 1n size of the glass article blank 101 and the
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mold 300 due to the variations 1n thermal expansion may
induce stress nto the glass article blank 101. Because the
glass article blank 101 1s simultaneously dropping, 1n tem-
perature, stresses induced to the glass article blank 101 as
the glass article blank 101 1s being cooled may be main-
tained 1n the glass article 100 at a temperature 1n the elastic
temperature range.

Additionally,, because an amisothermal temperature gradi-
ent 1s maintained on the glass article blank 101 in the
through-thickness direction and/or the in-plane direction of
the glass article blank 101, portions of the glass article blank
101 at higher temperatures may tend to expand relative to
portions of the glass article blank 101 at lower temperatures.
The variation 1n expansion between portions of the glass
article blank 101 may introduce stress into the glass article
blank 101 as the glass article blank 101 reduces in tempera-
ture through the viscoelastic temperature range towards the
clastic temperature range. The profile of the glass article
blank 101, therefore, may change when comparing the
profile at which the two- or three-dimensional shape 1s set
into the glass article blank 101 to the profile of the glass
article 100 at room temperature. In particular, the portions of
the glass article blank 101 that are maintained at elevated
temperatures may tend to contract more than the portions of
the glass article blank 101 that are maintained at compara-
tively lower temperatures. The contraction of certain por-
tions of the glass article 100 may tend to warp the glass
article 100 away from the shape of the contact face 306 of
the mold 300.

Because the rate at which heat 1s drawn away from the
glass article blank 101 corresponds to the rate at which the
cooling passages 312 draw heat away from the contact face
306, the anisothermal temperature profile of the contact face
306 of the mold 300 can cause a similar anisothermal
temperature profile, or thermal gradient, to be generated
across the glass article blank 101. The amisothermal tem-
perature profile 1s generated across the glass article blank
101 as FIGS. 4 and 3 illustrate displacement in the glass
article blank 101 resulting from thermal gradients generated
across the glass article blank 101 due to the cooling passages
312 in the mold 300.

FIG. 4 depicts displacement resulting from a thermal
gradient across an in-plane direction of the glass article
blank 101. In FIG. 4, the temperature of the glass article
blank 101 at a point 402 at a position proximate the edges
of the glass article blank 101 1s greater than a temperature of
the glass article blank 101 at a point 404 at a position distal
from the edges of the glass article blank. Thus, points
proximate the edge of the glass article blank 101 (e.g., points
within region 406) exhibit greater cumulative displacement
than points distal (e.g., points within region 408) from the
edges of the glass article blank 101, and the points within the
region 406 have greater displacement than the points within
the region 408. In various embodiments, the displacement
within regions 410, 412, and 414 falls within the displace-
ment 1n the region 406 and the region 408. Accordingly,
when the contact face 306 of the mold 300 generates such a
thermal gradient across the glass article blank 101, the edges
of the glass article blank 101 will tend to deflect from the
contact face 306 of the mold 300. Similarly, 11 the tempera-
ture of the glass article blank 101 at a point positioned
proximate to the edges of the glass article blank 101 1s less
than a temperature of the glass article blank 101 at a point
positioned distal from the edges of the glass article blank
101, the edges of the glass article blank 101 will tend to
deflect toward the contact face 306 of the mold 300. In
various embodiments, the anisothermal temperature profile,
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and the thermal gradient caused by the anisothermal tem-
perature profile may be controlled by adjusting the flow rate
of the fluid cooling stream through the cooling passage 312.
Adjusting the flow rate of the fluid cooling stream, therefore,
may provide some control over the shape of the glass article
100 1n addition to that provided by the contours of the mold

300.
FIG. § illustrates displacement resulting from a thermal

gradient through a thickness of the glass article blank 101.
In FIG. §, the temperature of a face of the glass article blank
101 proximate the contact face 306 1s less than a temperature
ol a face of the glass article blank 101 at a distal position
from the contact face 306. Thus, the face of the glass article
blank 101 proximate the contact face 306 exhibits less
thermal expansion than the face of the glass article blank 101
at a distal position from the contact face 306. Accordingly,
the glass article blank 101 tends to warp into a bow-like
shape (e.g., positive displacement within a region 416 rela-
tive to a region 418 where the positive direction 1s away
from the mold). Stmilarly, 1f the temperature of a face of the
glass article blank 101 proximate the contact face 306 1is
greater than a temperature of a face of the glass article blank
101 distal from the contact face 306, the glass article blank
101 tends to warp into a dome shape.

In some embodiments, a heating element (not shown) 1s
positioned 1n the mold 300 opposite from and spaced apart
from the contact face 306. The heating element, along with
the cooling passage 312 of the mold 300 can generate a
thermal gradient through the thickness of the glass article
100. Restated, the face of the glass article 100 1n contact
with the contact face 306 can have a temperature diflerent
from a temperature of the face of the glass article 100 spaced
apart from the contact face 306. However, it should be
understood that inclusion of a heating element 1s optional
and that a heating element need not be employed to generate
a thermal gradient through the thickness of the glass article
100.

In various embodiments, the flow rate of the fluid cooling
stream can be adjusted to alter the thermal gradient across an
in-plane direction of the glass article blank 101 and/or
through a thickness of the glass article blank 101. By
altering the thermal gradient 1n the glass article blank 101,
the glass article blank 101 can be formed such that the
three-dimensional shape of the glass article 100 generally
corresponds to a desired design shape for the glass article
100. In particular, the thermal gradient can be controlled to
cause a pre-determined warp of the glass article blank 101
that contributes to the three-dimensional shape of the glass
article 100. Methods for manufacturing a glass article 100
with a three-dimensional shape using the mold 300 will now
be described 1n more detail.

According to an exemplary method, a glass article blank
101 1s heated to a temperature above a setting temperature.
In various embodiments, the glass article blank 101 1s heated
to a temperature such that the glass article blank 101 1s 1n a
viscous state. In some embodiments, the glass article blank
101 1s heated to a temperature at which greater than about
75% of the stresses of the glass article blank 101 are relaxed
for a given cooling rate. Other temperatures may be utilized
depending on the requirements of the glass composition
and/or glass article 100. For example, the glass article blank
101 may be heated to a temperature at which greater than
about 80% of the stresses of the glass are relaxed for a given
cooling rate, for example greater than about 85% of the
stresses of the glass are relaxed for a given cooling rate, for
example greater than about 90% of the stresses of the glass
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are relaxed for a given cooling rate, for example greater than
about 95% of the stresses of the glass are relaxed for a given
cooling rate.

In various embodiments, the mold 300 1s preheated to an
clevated temperature above ambient temperature. The mold
300 can be heated to a temperature less than the temperature
to which the glass article blank 101 1s heated. For example,
the mold 300 can be heated to a temperature at which the
glass article blank 101 would be 1n a viscoelastic state. In
various embodiments, aiter the mold 1s preheated, the tluid
cooling stream 1s passed through the cooling passages 312 of
the mold 300 to further control the temperature of the mold
300. In particular, the fluid cooling stream 1s passed through
the cooling passages 312 to control a first portion of the
mold 300 to have a first temperature and a second portion of
the mold 300 to have a second temperature such that when
the glass article blank 101 1s coupled to the mold 300, the
mold 300 may have an anisothermal temperature profile
within the molding region 304.

Next, the glass article blank 101 1s coupled to the mold
300 such that the glass article blank 101 1s brought into at
least partial contact with the contact face 306 of the molding
region 304. The glass article blank 101 1s then conformed to
the contact face 306 by enabling the vacuum pump 310,
which draws fluid through the vent holes 308, thereby
bringing the glass article blank 101 into contact with the
contact face 306 and holding the glass article blank 101 1n
position on the contact face 306.

The glass article blank 101 1s cooled while the glass
article blank 101 1s coupled to the molding region 304 of the
mold 300 to set the shape of the glass article 100 1nto the
glass article blank 101. For example, the mold 300 can act
as a heat sink, drawing the heat away from the glass article
blank 101. As described above, the flow rate of the fluid
cooling stream can be controlled to adjust the cooling rate of
the contact face 306 and glass article blank 101. While the
glass article blank 101 is cooled from the elevated tempera-
ture and remains 1n contact with the contact face 306, a
thermal gradient may be maintained through a thickness
and/or across an in-plane direction of the glass article blank
101. The thermal gradient may be caused by different
cooling rates at diflerent locations along the surfaces of the
glass article blank 101. In one embodiment, the heat con-
ducted away from the face of the glass article blank 101 that
contacts the mold 300 may be greater than the heat con-
ducted and/or convected away from the side opposite the
mold 300, thereby maintaining a thermal gradient through
the thickness of the glass article blank 101. In some embodi-
ments, while one side of the glass article blank 101 (e.g., the
tace of the glass article blank 101 proximate the contact face
306) 1s cooled, a side of the glass article blank 101 opposite
the side that contacts the mold 300 can be heated using a
heating element to generate or modily a thermal gradient
through the thickness of the glass article blank 101.

After cooling, the glass article 100 1s decoupled from the
mold 300. In various embodiments, the glass article 100 1s
decoupled from the mold 300 when a maximum temperature
of the glass article 100 1s within a viscoelastic temperature
range ol the glass article 100 for a given cooling rate.
However, in some embodiments, the glass article 100 1s
decoupled from the mold 300 when a maximum temperature
of the glass article 1s within an elastic temperature range of
the glass article 100 for a given cooling rate. For example,
the glass article 100 can be decoupled from the mold 300 at
a temperature at which less than about 5% of the stresses of
the glass are relaxed for a given cooling rate, for example a
temperature at which less than about 10% of the stresses of
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the glass are relaxed for a given cooling rate, for example a
temperature at which less than about 15% of the stresses of
the glass are relaxed for a given cooling rate, for example a
temperature at which less than about 20% of the stresses of
the glass are relaxed for a given cooling rate.

Optionally, 1n various embodiments, surface strengthen-
ing, for example by an 10n exchange process, 1s performed
on the glass article 100 after the glass article 1s decoupled
from the mold. In one embodiment depicted 1n FIG. 6, the
ion exchange process introduces compressive layers into the
surfaces of the glass article 100 by exchanging 1ons in the
glass. These compressive layers, referred to herein as 1on
exchange surface layers 110, 1in the surfaces of the glass
article 100 have a depth of layer 108 that extends from the
surface layers. Regions of the glass article 100 1n which the
chemically strengthening process does not introduce com-
pressive layers may exhibit tension to compensate for the
increase 1 compression in the 1on exchange surface layers
110. The forming of the 1on exchanged surface layers 110
may modily the shape of the glass article 100 so that the
glass article 100 has a shape that differs from the shape of
the molding region of the open-faced mold. First, chemically
strengthening typically occurs at elevated temperatures,
which may anneal the glass article 100, thereby reducing the
internal stress imtroduced 1n a forming process, as described
herein. Reducing the internal stresses may reduce the
induced deflection of the glass article 100. Second, chemi-
cally strengthening the glass article 100 may result 1n the
expansion of the glass article 100 as larger potassium 1ons
replace smaller sodium 10ons. For asymmetrical shapes, a
stable shape (1.e., the shape having a mimimum energy) 1s a
warped shape. Thus, 1n embodiments 1n which a chemaical
strengthening process 1s performed, the shape of the mold-
ing region of the mold 300 can differ from a target shape for
the glass article 100 by a predetermined amount such that the
shape of the glass article 100 after the chemically strength-
ening process generally corresponds to the target shape for
the glass article 100 within acceptable tolerances. The shape
of the molding region of the mold 300 can compensate for
warp caused by subsequent chemical strengthening pro-
cesses to yield a glass article 100 with a shape that corre-
sponds to the target shape for the glass article 100.

In various embodiments, the cooling rate can be adjusted,
for example, to finely tune the temperature gradient across
the glass article blank 101. The methods described herein
can be used, for example, as an 1terative mspection params-
cter regime on a glass article manufacturing process. After
the glass article blank 101 1s cooled, and the glass article 100
1s decoupled from the mold 300, the three-dimensional
shape of the glass article 100 1s compared to a target shape
for the glass article 100. For example, the three-dimensional
shape of the glass article 100 can be compared to a com-
puter-aided design (CAD) model for the glass article 100
using conventional inspection techniques. If the shape of the
glass article 100 1s within acceptable tolerances, a subse-
quent glass article blank 101 1s heated for forming. Accept-
able tolerances can vary depending on the particular
embodiment. For example, 1n various embodiments, an
acceptable tolerance for the shape of the glass article 100 1s
within approximately 100 um of the nominal dimensions of
the CAD model, although other tolerances can be accept-
able.

If the three-dimensional shape of the glass article 100
differs from the target shape by an amount outside accept-
able tolerances, the flow rate 1s adjusted to a flow rate that
generates an alternate amisothermal temperature profile for
the mold 300. When glass 1s processed according to the
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method, a subsequent glass article blank 101 1s heated. The
subsequent glass article blank 101 1s coupled to the mold
300, cooled at the second flow rate, decoupled from the mold
300, and the shape of the subsequent glass article 1s com-
pared to the target shape. The method can be repeated with
alternate anisothermal temperature profiles until the shape of

the glass article 1s within the acceptable tolerances.

It should now be understood that methods of manufac-
turing glass articles according to the present disclosure may
be used to produce glass articles having three-dimensional
shapes. Glass article blanks are heated to a temperature
above the setting temperature of the glass and are introduced
to an open-faced mold having a shape that generally corre-
sponds to the shape of the desired glass article. An aniso-
thermal temperature profile 1s maintained along the glass
article blank by the open-faced mold. The glass article blank
1s cooled while contact between the glass article blank and
the open-faced mold 1s maintained. The anisothermal tem-
perature profile of the open-faced mold may mduce warp
into the glass article such that the shape of the glass article
differs from the shape of the open-faced mold. Various
embodiment of the methods and apparatuses described
herein enable glass articles to be manufactured to compen-
sate for warp that can occur 1n down-stream processes. By
compensating for down-stream processing warp during
glass article shaping, the methods and apparatuses described
herein may result in fewer non-conforming glass articles and
increased manufacturing efliciencies.

In a first aspect, the disclosure provides a method of
manufacturing a glass article having a three-dimensional
shape includes heating a glass article blank to a temperature
above a setting temperature; controlling a first portion of a
molding region of an open-faced mold to have a first
temperature and a second portion of the molding region of
the open-faced mold to have a second temperature effective
to generate an anisothermal temperature profile within the
molding region, the molding region having a three-dimen-
sional shape that generally corresponds to the shape of the
glass article; coupling the glass article blank to the open-
faced mold; and cooling the glass article blank while
coupled to the molding region of the open-faced mold to set
the shape of the glass article.

In a second aspect, the disclosure provides a method of
manufacturing a glass article having a three-dimensional
shape may include heating a glass article blank to a tem-
perature above a setting temperature; controlling a first
portion of an open-faced mold to have a first temperature
and a second portion of the open-face mold to have a second
temperature eflective to generate an anisothermal tempera-
ture profile for the open-faced mold, the open-faced mold
having a three-dimensional shape that differs from a target
shape for the glass article; coupling the glass article blank to
the open-faced mold; cooling the glass article blank to a
temperature below a viscous temperature while coupled to
the open-faced mold to set the shape of the glass article; and
releasing the glass article from the open-faced mold.

In a third aspect, the disclosure provides the method of the
first or second aspects may include cooling a portion of the
open-faced mold proximate to the molding region with a
fluid cooling stream.

In a fourth aspect, the disclosure provides the methods of
the first through third aspects, wherein when the glass article
blank 1s being cooled, a thermal gradient 1s maintained
through a thickness of the glass article blank.

In a fifth aspect, the disclosure provides the methods of
the first through fourth aspects, wherein when the glass
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article blank 1s being cooled, a thermal gradient 1s main-
tained across an 1in-plane direction of the glass article blank.

In a sixth aspect, the disclosure provides the methods of
any of the first through fifth aspects further includes decou-
pling the glass article from the open-faced mold when a
maximum temperature of the glass article 1s within a vis-
coelastic temperature range of the glass article for a given
cooling rate.

In a seventh aspect, the disclosure provides the methods
of any of the first through fifth aspects further includes
decoupling the glass article from the open-faced mold when
a maximum temperature ol the glass article 1s within an
clastic temperature range of the glass article for a given
cooling rate.

In an eighth aspect, the disclosure provides the methods
of any of the first through seventh aspects further includes
heating the glass article blank along a side opposite a side of
the glass article blank that contacts the open-faced mold.

In a ninth aspect, the disclosure provides the methods of
any of the first through eighth aspects, wherein a shape of the
glass article differs from the shape of the molding region of
the open-faced mold.

In a tenth aspect, the disclosure provides the methods of
any of the first through ninth aspects further includes form-
ing an 1on exchanged surface layer having a depth of layer
into the glass article.

In an eleventh aspect, the disclosure provides the methods
any of the first through tenth aspects, wherein forming the
ion exchanged surface layer modifies the shape of the glass
article so that the glass article has a shape that differs from
the shape of the molding region of the open-faced mold.

In a twelfth aspect, the disclosure provides the methods of
any of the first through eleventh aspects, wherein the mold-
ing region comprises a high contoured portion and a low
contoured portion, and the glass article comprises a high
stress field at positions proximate to the high contoured
portion of the molding region and a low stress field at
positions proximate to the low contoured portion of the
molding region.

In a thirteenth aspect, the disclosure provides the method
of any of the first through twelith aspects, wherein cooling
the glass article blank 1s performed at a first tlow rate. The
method may further include determining that the three-
dimensional shape of the glass article differs from the target
shape for the glass article; selecting a second flow rate, the
second cooling rate differing from the first cooling rate,
wherein the second flow rate generates an alternate aniso-
thermal temperature profile for the open-faced mold; and
cooling a subsequent glass article blank according to the
second flow rate to the setting temperature while coupled to
the open-faced mold to set a three-dimensional shape of a
subsequent glass article.

In a fourteenth aspect, the disclosure provides the meth-
ods of any of the first through thirteenth aspects, wherein the
three-dimensional shape of the glass article generally cor-
responds to the target shape for the glass article.

In a fifteenth aspect, the disclosure provides the methods
of any of the first through fourteenth aspects, wherein
heating the glass article blank to the temperature above the
setting temperature comprises heating the glass article blank
to a temperature at which greater than about 75% of the
stresses of the glass article blank are relaxed for a given
cooling rate.

In a sixteenth aspect, the disclosure provides the methods
of any of the first through fifteenth aspects, wherein cooling
the glass article blank to the setting temperature while
coupled to the open-faced mold comprises cooling the glass
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article blank to a temperature at which less than approxi-
mately 20% of the stresses of the glass are relaxed for a
given cooling rate.

In a seventeenth aspect, the disclosure provides a molding,
apparatus for forming a glass article that includes an open-
faced mold comprising a molding region having a contact
face that has a three-dimensional shape that generally cor-
responds to a shape of the glass article; a plurality of vent
holes positioned within the molding region of the open-
faced mold and extending through the contact face, the vent
holes 1n flmd communication with a vacuum pump; and at
least one cooling passage positioned 1n the open-faced mold,
the at least one cooling passage includes a portion that 1s
positioned proximate to the molding region and 1s fluidly
1solated from the plurality of vent holes and the contact face
of the open-faced mold, wherein the at least one cooling
passage generates an anisothermal temperature profile
across the glass article.

In an e1ghteenth aspect, the disclosure provides the mold-
ing apparatus of the seventeenth aspect further including a
heating element positioned opposite from and spaced apart
from the contact face.

In a mineteenth aspect, the disclosure provides the mold-
ing apparatuses ol the seventeenth or eighteenth aspects,
wherein a temperature of the contact face of the open-faced
mold at a position proximate to edges of the molding region
1s greater than a temperature of the contact face at positions
distal from the edges.

In a twentieth aspect, the disclosure provides the molding,
apparatus of any of the seventeenth through nineteenth
aspects, wherein a temperature of the contact face of the
open-faced mold at a position proximate to edges of the
molding region 1s less than a temperature of the contact face
at positions distal from the edges.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made to the embodi-
ments described herein without departing from the spirit and
scope of the claimed subject matter. Thus 1t 15 intended that
the specification cover the modifications and variations of
the various embodiments described herein provided such
modification and variations come within the scope of the
appended claims and their equivalents.

The 1nvention claimed 1s:
1. A method of manufacturing a glass article having a
three-dimensional shape comprising;:

heating a glass article blank to a temperature above a
setting temperature;

controlling a first portion of a molding region of an
open-faced mold to have a first temperature and a
second portion of the molding region of the open-faced
mold to have a second temperature eflective to generate
an anisothermal temperature profile within the molding
region, the molding region having a three-dimensional
shape that generally corresponds to the three-dimen-
stional shape of the glass article, wherein the first and
second temperatures are above an ambient temperature
and below the setting temperature;

coupling the heated glass article blank to a contact face of
the open-faced mold including the anisothermal tem-
perature profiile;

maintaiming an anisothermal temperature profile along the
glass article blank;

cooling a portion of the open-faced mold proximate to the
molding region by directing a fluid cooling stream
through a cooling passage in the open-faced mold,
wherein the cooling passage comprises a portion that 1s
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positioned proximate to the molding region and 1is
fluidly 1solated from the contact face of the open-faced
mold;
adjusting a tflow rate of the fluid cooling stream through
the cooling passage to control the anisothermal tem-
perature proiile along the glass article blank; and

cooling the glass article blank while coupled to the
molding region of the open-faced mold to set the
three-dimensional shape of the glass article, wherein
when the glass article blank 1s being cooled, a thermal
gradient 1s maintained through a thickness of the glass
article blank thereby causing a pre-determined warp of
the glass article blank that contributes to the three-
dimensional shape of the glass article.

2. The method of claim 1, further comprising decoupling,
the glass article from the open-faced mold when a maximum
temperature of the glass article 1s within a viscoelastic
temperature range of the glass article for a given cooling
rate.

3. The method of claim 1, further comprising heating the
glass article blank along a side opposite a side of the glass
article blank that contacts the open-faced mold.

4. The method of claim 1, wherein a shape of the glass
article differs from the shape of the molding region of the
open-faced mold.

5. The method of claim 1, further comprising forming an
ion exchanged surface layer having a depth of layer into the
glass article.

6. The method of claim S5, wherein forming the 1on
exchanged surface layer modifies the shape of the glass
article so that the glass article has a shape that differs from
the shape of the molding region of the open-faced mold.

7. The method of claim 1, wherein the molding region
comprises a high contoured portion and a low contoured
portion, and the glass article comprises a high stress field at
positions proximate to the high contoured portion of the
molding region and a low stress field at positions proximate
to the low contoured portion of the molding region.

8. A method of manufacturing a glass article having a
three-dimensional shape comprising:

heating a glass article blank to a temperature above a

setting temperature;

controlling a first portion of an open-faced mold to have

a {irst temperature and a second portion of the open-
face mold to have a second temperature effective to
generate an anisothermal temperature profile for the
open-faced mold, the open-faced mold having a three-
dimensional shape that differs from a target shape for
the glass article, wherein the first and second tempera-
tures are above an ambient temperature and below the
setting temperature;

coupling the heated glass article blank to a contact face of

the open-faced mold having the anisothermal tempera-
ture profile;

maintaining an anisothermal temperature profile along the

glass article blank;

cooling a portion of the open-faced mold proximate to the

molding region by directing a fluid cooling stream
through a cooling passage in the open-faced mold,
wherein the cooling passage comprises a portion that 1s
positioned proximate to the molding region and 1s
fluidly 1solated from the contact face of the open-faced
mold:

adjusting a flow rate of the fluid cooling stream through

the cooling passages to control the amisothermal tem-
perature profile along the glass article blank;




US 9,938,178 B2

15

cooling the glass article blank to a temperature below a
viscous temperature while coupled to the open-faced
mold to set the three-dimensional shape of the glass
article, wherein when the glass article blank 1s being
cooled, a thermal gradient i1s maintained through a
thickness of the glass article blank thereby causing a
pre-determined warp of the glass article blank that
contributes to the target shape of the glass article; and

releasing the glass article from the open-faced mold.

9. The method of claim 8, wherein cooling the glass
article blank 1s performed at a first flow rate, the method
turther comprising:

determining that the three-dimensional shape of the glass
article differs from the target shape for the glass article;
and

selecting a second flow rate, the second cooling rate
differing from the first cooling rate, wherein the second
flow rate generates an alternate anisothermal tempera-
ture profile for the open-tfaced mold; and
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cooling a subsequent glass article blank according to the
second flow rate to the setting temperature while
coupled to the open-faced mold to set a three-dimen-
stional shape of a subsequent glass article.

10. The method of claim 8, wherein the three-dimensional
shape of the glass article generally corresponds to the target
shape for the glass article.

11. The method of claim 8, wherein heating the glass
article blank to the temperature above the setting tempera-
ture comprises heating the glass article blank to a tempera-
ture at which greater than about 75% of the stresses of the
glass article blank are relaxed for a given cooling rate.

12. The method of claim 8, wherein cooling the glass
article blank to the setting temperature while coupled to the

open-faced mold comprises cooling the glass article blank to
a temperature at which less than approximately 20% of the
stresses of the glass are relaxed for a given cooling rate.
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